Introduction {#sec1}
============

The asexual cycles of infection, through replication, rupture, and reinfection of human erythrocytes by *Plasmodium* parasites are responsible for all malaria disease pathology. Extensive effort has focused on understanding the cellular and molecular basis for each stage of the process, invasion in particular, with a view to designing novel chemotherapeutics or vaccines to prevent or treat the disease ([@bib1]). Invasion of the erythrocyte itself is mediated by the blood stage parasite, called the merozoite, which is thought to use an internal molecular motor based on actin and myosin to drive itself into the red cell ([@bib2]). Conceptually, the process can be divided into discrete steps, defined by a range of imaging studies using electron ([@bib3; @bib4; @bib5]), tomographic ([@bib6]), fluorescence ([@bib7; @bib8; @bib9; @bib10]), and video microscopy ([@bib11; @bib12]) as shown schematically in [Fig. 1](#fig1){ref-type="fig"}. Invasion commences with low affinity, long-range (12 to 40 nm), and nondirectional binding of the erythrocyte by the merozoite, which then reorients such that the merozoite apex directly contacts the target cell.

Formation of a close-range interaction follows (4 nm or less), leading to the establishment of an erythrocyte-merozoite tight junction ([@bib3; @bib4]). This critical structure, seen as an electron dense zone between erythrocyte and merozoite by electron microscopy, is the organizing nexus around which invasion events appear to be orchestrated. It acts as the aperture through which the merozoite passes during invasion and segregates erythrocyte membrane from an emerging vacuolar membrane (likely parasite membrane-derived in part), which fuses to form the parasitophorous vacuole into which the parasite moves and develops postinvasion (see ([@bib13; @bib14]), and references therein). Each of these steps is facilitated by an array of merozoite surface proteins (MSPs), which permanently pattern the parasite surface, and apically secreted parasite antigens, released at egress from the infected cell before reentry. Many of the latter group are lead candidates for inclusion in developmental blood stage vaccines, including the apical membrane antigen (AMA)-1, erythrocyte binding antigens, and reticulocyte binding antigen homolog (Rh) proteins, which interact to varying degrees, and at varying distances, with erythrocyte membrane components ([@bib1]).

Several studies have attempted to map out a broad model of invasion, incorporating the breadth of molecular and cellular events (e.g., ([@bib7; @bib9; @bib10])). However, few studies have taken into consideration the biophysical interactions between host and parasite cells, in particular the contribution that the erythrocyte membrane and underlying cytoskeleton might play ([@bib15]). This has largely been influenced by long-standing evidence that activity of the parasite actomyosin motor alone defines successful host-cell entry ([@bib16; @bib17]). Surprisingly, such a parasite-centric model is quite unique among human intracellular pathogens, which almost universally employ a degree of host involvement in invasion ([@bib18]). Instead, its broad acceptance relies heavily on the general perceived inactivity of the mature erythrocyte ([@bib19]) and studies using the related apicomplexan parasite, *Toxoplasma gondii*, which, until recently, was believed to invade independently of host-cell remodeling processes ([@bib20]). Recently, this view has started to be challenged by studies showing that host cell cytoskeletal rearrangements do occur during *Toxoplasma* and nonerythroid *Plasmodium* invasion ([@bib21]) and the recent demonstration of a residual level of invasion in the absence of myosin and actin in *Toxoplasma* ([@bib22]). These studies clearly suggest that a role of processes other than motor-driven force production in facilitating apicomplexan invasion deserves focused attention.

Certainly, there is a body of evidence that the erythrocyte responds, at least minimally, to invasion both physically, with the membrane oscillating or flexing ([@bib11; @bib12; @bib13]), and biochemically (reviewed in ([@bib19])). The physical response, with visible folds on parasite binding, is expected for a membrane that has a shear modulus ([@bib23; @bib24]), which is caused by the regular spectrin network that supports the erythrocyte membrane ([@bib25; @bib26]). Biochemical contributions have also been widely studied, and hint at a potential membrane contribution to the parasitophorous vacuole ([@bib14]). To date, however, no strong evidence exists to suggest an energetic contribution to invasion from the erythrocyte.

Here, we have sought to assess the energetic contributions of the *Plasmodium* parasite and wrapping by the erythrocyte and parasite-derived membranes to invasion. In contrast to previous membrane wrapping calculations that have explored models involving spherical, ellipsoidal, or rod-like particles ([@bib27; @bib28; @bib29; @bib30; @bib31; @bib32; @bib33; @bib34]), we have uniquely incorporated the asymmetrical egg-like shape of the merozoite, which influences differentially wrapped states. Using numerical calculations of membrane interactions and membrane wrapping processes between an experimentally determined archetypal egg-shaped merozoite and the erythrocyte, we present evidence that membrane wrapping of the erythrocyte can account for merozoite reorientation to its apex in an entirely parasite-energy independent manner. Furthermore, a considerable portion of the energy requirements for subsequent stages of full parasite invasion (i.e., for complete membrane wrapping) can also be achieved through parasite-induced modifications to the erythrocyte membrane and by parasite-injected membrane material that may alter surface tension and spontaneous curvature of the wrapping membrane. Wrapping under these conditions requires only a small energetic input from the parasite actomyosin motor for entry, i.e., overcoming energy barriers between stable membrane-wrapped states. Seen in this light, we propose that erythrocyte invasion should be considered as evolved toward a state of maximal energetic efficiency, exploiting both innate host-cell properties and parasite motor force to facilitate complete entry.

Our article is organized as follows. We first use cryo-x-ray tomography to construct an idealized merozoite that approximates the experimentally observed merozoite shape. We then calculate the energetic contributions of membrane wrapping to merozoite reorientation and subsequent invasion into the erythrocyte, using a model with bending-rigidity and membrane-tension contributions for the curvature elastic energy of the erythrocyte membrane, an adhesive interaction between the merozoite and the erythrocyte, and a line tension for the tight junction. For several parameter values in our theoretical model, we quantify the required motor force for invasion. Finally, we summarize our complete biophysical model for merozoite invasion assessing likely contributions of the actomyosin motor of the merozoite and wrapping-energy contributions of the erythrocyte membrane.

Materials and Methods {#sec2}
=====================

Experimental derivation of merozoite dimensions {#sec2.1}
-----------------------------------------------

The culture of *Plasmodium falciparum* parasites using donated blood from the Australian Red Cross Society has been approved by The Walter and Eliza Hall Institute Human Ethics (HEC 86/17) Committee. *P. falciparum* parasites (from a D10 parental strain ([@bib35])) were maintained using standard culturing procedures in human O+ erythrocytes at 4% hematocrit with 0.5% wt/vol Albumax II (Life Technologies, Grand Island, NY). Cultures were maintained in synchrony using 5% Sorbitol treatment or via treatment with 30 infectious units (∼230 *μ*g/mL) heparin (Pfizer, New York, NY) ([@bib35]), and cultured through to schizogony for merozoite isolation. Free merozoites were filtered through a 1.2 *μ*m, 32 mm syringe filter (Sartorius Stedim Biotech, Epsom, UK) as described ([@bib35]), and then cryopreserved for x-ray analysis and imaged as detailed previously ([@bib6]). Merozoite dimensions, volume, and surface area were calculated on rendered tomographic images following segmentation and alignment with IMOD with rendering via Blender ([www.blender.org](http://www.blender.org){#intref0010}).

Deformation energy calculations and dimensionless parameters for erythrocyte-membrane wrapping {#sec2.2}
----------------------------------------------------------------------------------------------

Toward calculating the energetic costs required to deform the erythrocyte membrane sufficiently to facilitate complete invasion, we decoupled the invasion process into two critical energetic steps (see [Fig. 1](#fig1){ref-type="fig"}): i), reorientation of the merozoite toward its apex (the site at which adhesive proteins are released and the required direction for successful invasion ([@bib11])); and ii), invasion itself (movement through the tight junction into the erythrocyte ([@bib3])). The physics of wrapping that characterizes the adhesion contribution to both reorientation and invasion is governed by bending energy and tension of the erythrocyte membrane, the contact energy between merozoite surface and erythrocyte membrane, and the line tension at the position of the tight junction where the merozoite squeezes through. Thus, the total energy required is$$\mathcal{E} = \mathcal{E}_{bending} + \mathcal{E}_{membrane\ tension} + \mathcal{E}_{adhesion} + \mathcal{E}_{line\ tension}.$$To calculate the total energy for the erythrocyte with the adhered merozoite, bending rigidity and membrane tension, adhesion strength, and line tension contributions are integrated over the entire membrane area, *S*~*erythrocyte*~, the adhered membrane area, *S*~*adhered*~, and the length of the contact line where the erythrocyte membrane detaches from the merozoite, respectively, so that$$\mathcal{E} = {\int_{S_{erythrocyte}}{dS\ 2\kappa}}\left( H - c_{0} \right)^{2} + \sigma{\int_{S_{erythrocyte}}{dS}} - w{\int_{S_{adhered}}{dS\ }}H + \gamma{\int_{contact\ line}{dl}}.$$The various contributions to Eq. 2 are explained in more detail below. We calculate the energy on the parasite surface only assuming the outer membrane to be flat, i.e., we employ a cap-like model analogous to the model used in ([@bib36]). We do not account for a direct contribution of the shear modulus of the red blood cell membrane, because we assume that successful invasion requires a destruction of the cytoskeleton on the membrane that wraps the merozoite. However, in our model the cytoskeleton around the merozoite remains intact and contributes to the line tension *γ*. Details of the numerical calculations are described in the [Supporting Material](#app2){ref-type="sec"}.

Membrane wrapping of the merozoite can be understood as a competition between two energetic contributions: the elastic deformation energy of the membrane adhered to the merozoite and the specific contact interaction between merozoite and membrane. Note that the vacuolar membrane enveloping the merozoite after successful invasion is likely composed of both erythrocyte membrane and parasite-derived vacuolar membrane (added differentially during the stages of invasion stage). A key determinant for the membrane model is the curvature elasticity of the erythrocyte membrane, with bending rigidity *κ*, where the energy required for bending the membrane is determined by the squared mean curvature *H*^2^ of the membrane at every point ([@bib37]). The mean curvature is *H = (c*~1~ *+ c*~2~*)/*2, with *c*~1~ and *c*~2~ being the principal curvatures corresponding to the maximum and minimum curvatures at each point of the membrane ([@bib38]). The preferred average shape of the membrane is characterized by its spontaneous curvature *c*~0~. A finite value for *c*~0~ indicates that either the membrane or its surrounding is asymmetric and that consequently the preferred shape of the membrane is not flat, a feature clearly applicable to the erythrocyte ([@bib39; @bib40]). The bending energy is complemented by an energetic cost for the excess membrane area characterized by the membrane tension *σ*. This excess area can either be attributed to flattening out part of the intrinsic membrane fluctuations ([@bib41; @bib42]) or to other mechanisms. The tension term contains a contribution from the spectrin network that is adsorbed to the membrane ([@bib26; @bib43]).

For the merozoite to successfully enter the erythrocyte, the energy gain due to the contact of merozoite surface and the enveloping membrane must be sufficiently large, such that the completely wrapped state corresponds to the lowest energy. Furthermore, wrapping alone also requires a downhill pathway in the energy landscape, but---as discussed later---the actomyosin motors of the parasite may help to overcome energy barriers. A measure for both nonspecific adhesion and receptor binding is given by the adhesion strength *w*. Individual protein-mediated adhesion may couple to the membrane shape via membrane proteins that prefer curved regions ([@bib44; @bib45; @bib46; @bib47]), and we therefore assume in our model that the adhesion strength is dependent on the mean local membrane curvature *H* (if not stated otherwise). This also allows us to implement higher adhesion strengths at the tip-shaped apex of the merozoite, which accounts for the secretion of adhesion molecules from this region of the parasite (see description below). However, other distributions of receptors and thus adhesion strength are also possible including a homogeneous receptor distribution on the parasite surface, but will not change our general conclusions.

To complete the energetic contributions during invasion, we associate a line tension *γ* with the tight junction ([@bib3; @bib4]), where the parasite squeezes through the erythrocyte membrane into the nascent parasitophorous vacuole ([@bib14]). The line tension may arise either from proteins within the tight junction itself, from lipid segregation next to the entering cell ([@bib48; @bib49; @bib50]), from stretching of the cortical spectrin cytoskeleton underlying the erythrocyte membrane, from sharp bending of the membrane next to the tight junction, or a combination of these contributions. Either way it acts as a natural demarcation line between regions with different biophysical properties: the membrane at the site of invasion within the boundaries of the line tension and the membrane beyond (i.e., outside of the boundary of the line tension), where the spectrin cytoskeleton is expected to remain intact.

The parameters *κ*, *c*~0~, *σ*, *w*, and *γ* together with the shape of the merozoite thus determine the energetic cost for the erythrocyte membrane deformation required for entry. These parameters are illustrated in [Fig. S1](#app2){ref-type="sec"} (see the [Supporting Material](#app2){ref-type="sec"}). Electron microscopy images in [Fig. S2](#app2){ref-type="sec"} *A* show close contact of the merozoite and the erythrocyte membrane that motivates the adhesion energy contribution.

The absolute values for the model parameters can be translated into dimensionless parameters using the radius of a sphere with the same surface area as the parasite, *a*, as the basic length scale of the system, and the membrane bending rigidity *κ* as the energy scale. These dimensionless parameters indicated by a tilde, ${\widetilde{c}}_{0} = c_{0}a^{2}H_{0}$, $\widetilde{\sigma} = \sigma a^{2}/2\ \kappa$, $\widetilde{w} = wH_{0}4\pi a^{2}/2\ \kappa$, and $\widetilde{\gamma} = \gamma a/\ 2\ \kappa$. The average mean curvature of the merozoite can be calculated as surface integral using the archetypal merozoite defined in the next section, $H_{0} = {\int_{merozoite}{dS\ H}}/{\int_{merozoite}{dS}} = 2.5/a$. The spontaneous curvature can be used to construct an effective adhesion strength, ${\widetilde{w}}_{eff} = \widetilde{w} + {\widetilde{c}}_{0}$, and an effective surface tension, ${\widetilde{\sigma}}_{eff} = \widetilde{\sigma} + {\widetilde{c}}_{0}^{2}/\left( aH_{0} \right)^{2}$, such that the phases for different values of the spontaneous curvature can be extracted using the effective parameter values.

Results and Discussion {#sec3}
======================

An archetypal merozoite {#sec3.1}
-----------------------

To calculate the contribution of erythrocyte membrane wrapping to malaria parasite invasion, we first had to develop a standardized model of a blood stage parasite. Deriving figures for such a cell from any imaging approach is not trivial, because each naturally produces errors as a result of cryopreservation or fixation with wide associated variances ([@bib6]). We have recently shown that cryo-x-ray tomography preserves physical parameters of the blood stage merozoite most accurately ([@bib6]). Using this approach, we derived experimental measurements from 11 reconstructions of cryopreserved merozoites for length and width as well as estimates for mean volume and surface area. This enabled us to mathematically define an archetypal merozoite ([Fig. 2](#fig2){ref-type="fig"}, *A*--*B*).

Mean physical measurements were L = (1.98 ± 0.08) *μ*m length, W = (1.40 ± 0.06) *μ*m width, with volume and surface area averaging V~actual~ = (1.71 ± 0.15) *μ*m^3^ and A~actual~ = (8.06 ± 0.72) *μ*m^2^, respectively, where the errors are given by the standard deviations of the measurements. These dimensions give a width/length ratio of the egg-shaped merozoite as 0.71. These measurements led to a model particle that allows a mathematical description of merozoite shape with a pointed apex and rounded base (as shown in [Fig. 2](#fig2){ref-type="fig"} *C*). This was used throughout subsequent energetic calculations. It is currently unclear whether surface convolutions observed at the macroscopic level are indicative of a native ruffled organization at the merozoite surface or an artifact of imaging. For modeling purposes, we therefore assume (conservatively) that the merozoite has a smooth surface. Conceptually, incorporation of ruffling or rippling would provide additional contact area and thus adhesion energy, but would also increase the bending-energy costs.

The egg shape of the merozoite is defined by (*x*^2^ + *y*^2^ + *z*^2^)^2^ = *R*~*a*~ *x*^3^ + (*R*~*a*~ -- *R*~*b*~)*x*(*y*^2^ + *z*^2^) with *R*~*a*~ = 1 *μ*m and *R*~*b*~ = 0.7 *μ*m, which also describes the shape of a chicken egg ([@bib51]). We find good agreement for surface area (A~idealized~) and volume (V~idealized~) of this idealized merozoite with the values measured experimentally. We use two constants, *k*~1~ and *k*~2~, where A~idealized~ = *k*~1~ L^2^ and V~idealized~ = *k*~2~ L^3^ to characterize the shape. For the idealized merozoite, *k*~1~ = 2.04, giving A~idealized~ = *k*~1~ L^2^ = 8.01 *μ*m^2^. The surface area derived from rendered X-ray images of the merozoite solves *k*~1~ as A~actual~/L^2^ = 2.06. For the idealized merozoite, we find *k*~2~ = 0.27, giving V~idealized~ = *k*~2~ L^3^ = 2.08 *μ*m^2^. The volume measured from the rendered x-ray images above solves *k*~2~ as V~actual~/L^3^ = 0.22. Comparison of the surface area of the idealized merozoite with the surface area of a sphere, 4 *π a*^2^ = 8.01 *μ*m^2^, defines a characteristic length scale *a* = 0.8 *μ*m for the wrapping model described below.

Merozoite attachment and reorientation via erythrocyte membrane wrapping {#sec3.2}
------------------------------------------------------------------------

Merozoites, at egress from the infected erythrocyte, are released into the blood stream with an array of surface-bound membrane proteins (MSPs) ([@bib1]). Concurrent with release, apical organelles (specifically the micronemes) commence secretion of additional classes of high-affinity binding ligands onto the surface, which diffuse toward the merozoite base ([@bib7; @bib10; @bib52; @bib53]). This defines a two-stage adhesive surface potential ranging from low affinity and evenly distributed at egress to high affinity, with an apical bias, before or at commencement of the invasion process beginning with reorientation.

Traditionally, merozoite reorientation has been viewed as occurring either via random rolling of the parasite or being entirely parasite driven ([@bib13]) with few studies considering host-cell membrane dynamics ([@bib15; @bib39]). In the absence of directional motility (which has not been described for the free merozoite), we expect the merozoite to hit a target erythrocyte in random orientation. This primary, loosely attached state (governed by surface MSPs) involves very shallow wrapping and is clearly reversible ([@bib11; @bib12]). To reach a state of stable attachment, the energy gain due to the adhesion strength has to exceed the bending-energy cost for wrapping the erythrocyte membrane around the merozoite. Because the tight junction has not yet formed at reorientation and the membrane is not yet stretched, Eq. 2 reduces to its first and third term only ([@bib28]), i.e., reorientation in our model is determined by the membrane bending rigidity and the adhesion strength only.

By comparing the bending energy and the adhesion energy at the point of contact, we find the critical adhesion strength *w^∗^* (or the dimensionless value ${\widetilde{w}}^{\ast} = w^{\ast}a^{2}/\left( 2\ \kappa \right)$). The bending-energy cost is proportional to the squared local mean curvature of the merozoite and, for a homogeneous adhesion strength on the merozoite surface, binding with the least curved point at the side of the merozoite is thus energetically favorable. The distribution of local adhesion strength, which is required to induce merozoite adhesion in all orientations with equal probability, is plotted in [Fig. 3](#fig3){ref-type="fig"}. From the minimal reduced adhesion strength ${\widetilde{w}}^{\ast} = w^{\ast}a^{2}/\left( 2\ \kappa \right)$ = 5, we can estimate a minimal adhesion strength for this stable attached binding as *w^∗^* ≈ 10^−4^ k~B~T/nm^2^ for an archetypal merozoite with *a* = 0.8 *μ*m and bending rigidity *κ* = 50 k~B~T. This value is below those of conventional receptor-ligand bonds (e.g., involved in viral invasion ([@bib54])), which could be expected for the invasion proteins known to be present on the merozoite's surface during entry. Thus, at reasonable levels of surface-protein binding to the erythrocyte membrane a minimal adhesion strength readily leads to stable attachment of the nonorientated merozoite.

To achieve a tip-first orientation of the merozoite, a gradient of the adhesion strength that favors attachment of the tip over other orientations is required. As discussed previously, such a gradient of adhesion strength from apex to base is entirely reasonable. Apical membrane antigen 1 (AMA-1), is translocated onto the merozoite surface at parasite egress ([@bib53]), existing in a clear apical-basal gradient, which then freely diffuses around the merozoite periphery ([@bib52]). To achieve reorientation each newly formed adhesion toward one end will require detachment at the side opposing the rolling direction. As long as the difference of the sum of adhesion and bending energy between newly formed and lost adhesion sites is negative, an energy funnel will drive merozoite rolling and reorientation. The adhesion strength at the tip has to be about nine times higher than at the side of the merozoite for it to reorient to the apex.

Evidence that inhibition of AMA-1 function disrupts merozoite reorientation directly supports its involvement in apical realignment by a natural apical-basal adhesive gradient ([@bib55]). Wrapping forces and their change down an energy gradient during reorientation alone could therefore entirely explain apical reorientation without a need for parasite motor force or for host membrane buckling. Entrapment in metastable states that correspond to local minima in the energy landscape for reorientation may be overcome by additional input of energy from motor forces. Evidence for the low rates of invasion efficiency of free merozoites, however, could suggest that arrest in such energetic dead ends is a major cause for failed invasion ([@bib35]).

Merozoite invasion via erythrocyte membrane wrapping {#sec3.3}
----------------------------------------------------

We next sought to determine the contribution of membrane wrapping for the actual process of invasion. True invasion, involving formation of a junction and a nascent parasitophorous vacuole, is only initiated once apical reorientation has occurred ([@bib11]). At this point in time, three key cellular and molecular events occur: 1), secretion of a complex of proteins across the erythrocyte membrane that likely define two sides of the merozoite erythrocyte tight junction; 2), secretion of membrane material from parasite apical stores (namely the rhoptries); and 3), activation of a parasite actomyosin motor. Toward assessing how the contributions of membrane-wrapping might facilitate invasion, post attachment and reorientation, we calculated numerically phase diagrams of the wrapping states of the system based on the native tip-first orientation and the global minimum in the energy landscape for a given adhesion strength ([Fig. 4](#fig4){ref-type="fig"}).

In [Fig. 4](#fig4){ref-type="fig"} *A*, the state of the system is characterized by adhesion strength *w*, membrane tension *σ*, and for a fixed line tension *γ*, i.e., a fixed energy cost per length for the tight junction between parasite and red cell. The value that we used for the line tension, *γ* ≈ 0.1 k~B~T/nm is comparable to the line tension at lipid domain boundaries ([@bib56]), and might mimic a line tension due to protein aggregation. However, our model does not rely on this specific value and can be used for any value of the line tension that might be generated by one of the other mechanisms described in the [Materials and Methods](#sec2){ref-type="sec"} section. In [Fig. 4](#fig4){ref-type="fig"} *B*, we show a phase diagram for vanishing membrane tension and the phases are plotted for various values of adhesion strength and line tension. In both phase diagrams, we find parameter regimes where the merozoite is free (non wrapped, NW), where it is partially wrapped by the erythrocyte membrane (PW I and PW II), and where it is completely wrapped (CW) (see also [Fig. 1](#fig1){ref-type="fig"}). A more detailed discussion of the phase diagrams can be found in the [Supporting Material](#app2){ref-type="sec"}.

For small adhesion strengths, the merozoite does not attach to the erythrocyte (NW). For higher adhesion strengths, PW I, PW II, and CW states are found. From a physical point of view, adhesion strengths $5\text{≲}\widetilde{w}\text{≲}15$, where partially wrapped states are found, are likely of most significance with regard to invasion energetics. The values of *w* for the transition to wrapped states are given by the phase boundaries between the NW regime to PW regimes (W~0~ and the part of W~1~ for small surface and line tensions) and the boundary between NW and CW regimes (*E*). For low surface tensions ($\widetilde{\sigma}$ \< 7.5) there is an energy barrier between PW states with a small and high wrapping fractions, whereas for a large enough surface tension ($\widetilde{\sigma}\text{≳}$ 7.5), the energy barrier between PW I and PW II disappears and the wrapping fraction increases continuously with the adhesion strength. Large adhesion strengths allow immediate complete wrapping and erythrocyte entry, but might also be associated with unspecific binding to other membranes and problems associated with membrane surface-coat shedding. Thus, lower affinity interactions seem to be favorable. [Fig. 4](#fig4){ref-type="fig"} shows that a minimal value $\widetilde{w} \approx$ 5--7 is large enough to generate a stable, PW state. Successful invasion requires an end state in the CW region of the phase diagram. However, if the energy barrier of the transition to the CW state is high but invasion is assisted by additional forces, such as motor forces (see below), successful invasion might occur already for smaller adhesion strengths.

[Fig. 5](#fig5){ref-type="fig"} shows the critical wrapping fractions of the merozoite surface area between which the W~1~ and W~2~ transitions (shown in [Fig. 4](#fig4){ref-type="fig"} *A*) occur as a function of the reduced adhesion strength for a reduced line tension $\widetilde{\gamma} \approx 0.2$. In the PW region I, tip-wrapped states (as experimentally observed in early stages of invasion) occur with \<20% of the merozoite surface area in contact with the erythrocyte. States with a higher wrapping fraction of the merozoite up to 90% are found in the PW region II. In [Fig. 5](#fig4){ref-type="fig"} the hatched regions correspond to unstable states that form the energy barriers associated with the discontinuous phase transitions. The unstable region between the PW states vanishes for adhesion strengths larger than $\widetilde{w} = 12$, which corresponds to the critical point in [Fig. 4](#fig4){ref-type="fig"} *A*.

The line tension, at which the erythrocyte membrane detaches from the merozoite, is a key determinant for the stability of PW states, both hindering the entry of the parasite for early stages and favoring wrapping at later stages ([Fig. 4](#fig4){ref-type="fig"} *B*, *arrow d*). This contact line, seen as an electron-dense zone in electron micrographs ([@bib3; @bib6]), must be stretched at the onset of entry and will contract after the point of maximal diameter of the merozoite has passed. In the phase diagram in [Fig. 4](#fig4){ref-type="fig"} *B*, invasion is considered with respect to wrapping states across values of line tension and adhesion strength, while keeping the adhesion strength fixed. For small values of the line tension, PW states with high wrapping fraction are found, whereas for large values of the line tension (larger than $\widetilde{\gamma} \approx$ 0.35) the transition occurs directly from the free, NW state to the CW, invaded state. In this way, a robust line tension helps to facilitate complete invasion and avoid PW states with high wrapping fraction. Thus, from a biological point of view, there are clear adaptive advantages associated with formation of a demarking tension between the parasite and host cell. This may in part explain the origin of the tight junction as a strategy for differentiating between membrane regions and contributing to reducing the energetic requirements for reaching an invaded state rather than, necessarily, only as a point of motor traction ([@bib16]).

During the invasion process, experimental evidence clearly shows both secretion of unstructured membrane by the merozoite (discharged from the rhoptry organelles) and gross changes in the membrane curvature of the erythrocyte ([@bib6; @bib7; @bib13; @bib57]) ([Fig. S2](#app2){ref-type="sec"} *B*). The effect of such events on the status of invasion can be directly interpreted in light of the phase diagram in [Fig. 4](#fig4){ref-type="fig"}. When the lipid bilayer area of the erythrocyte is increased by additional unstructured membrane from the parasite, the tension of the membrane that wraps the merozoite is lowered considerably. This corresponds to a move in the wrapping diagram from a PW to a CW state ([Fig. 4](#fig4){ref-type="fig"} *A*, *arrow a*). In addition to extra membrane area being provided, the unstructured nature of this membrane as well as any detachment or reorganization of the spectrin cytoskeleton from the bilayer ([@bib19; @bib39]) can change the spontaneous curvature of the membrane to a value that is more favorable for wrapping ([Fig. 4](#fig4){ref-type="fig"} *A*, *arrow b*). Mathematically, the spontaneous curvature can be taken into account using the effective adhesion strength and the effective surface tension, otherwise leaving the wrapping phase diagrams unchanged (see [Materials and Methods](#sec2){ref-type="sec"}). These results point to specific benefits that would arise from local disruption of the spectrin network, either directly or indirectly, by the merozoite, something that has been observed empirically by electron microscopy of invading parasites ([@bib58]).

Merozoite invasion supported by motor activity {#sec3.4}
----------------------------------------------

Having explored the role of adhesive forces (from parasite invasion adhesins), bending rigidity, membrane tension, line tension, and spontaneous curvature of the erythrocyte membrane to membrane wrapping states, we next sought to estimate the degree of active forces required from the parasite to overcome energy barriers and facilitate transitions to completed invasion. The current model for the source of parasite active motor force posits that an anchored myosin motor inside the parasite cell (directly tethered to a cytoskeletal compartment within the cell pellicle) transmits force directly through a short polymerized actin filament, which itself is linked to the surface-bound adhesin. The binding of this surface adhesin to a red cell receptor and their combined passage towards the base of the merozoite length (through the fluid plasma membrane) is then thought to generate a rearward force driving the parasite forward ([Fig. 6](#fig6){ref-type="fig"}, *A* and *B*) ([@bib59]).

Two energetic events could be envisaged to require the force generated by this actomyosin motor: breaking or moving aside of the erythrocyte cytoskeleton at the site of invasion (to allow entry) and overcoming wrapping energy barriers.

At the specific site of entry, we assume that the cytoskeleton of the erythrocyte gets disassembled, which is experimentally supported by evidence that there is an erythrocytic ATP requirement for invasion ([@bib60; @bib61]) and the dependency of cytoskeletal reorganization on ATP ([@bib43; @bib62]). This implies that, at the onset of true invasion (postattachment), the merozoite is wrapped by a membrane without an explicit contribution of the shear modulus. For local disassembly of the cytoskeleton, a stretching force would be required that may be contributed by motor activity. A rough estimate shows that for the cross-sectional area of the merozoite (∼1 *μ*m^2^ ([@bib6])), a few hundred spectrin bonds would have to be broken/segregated to accommodate an entering merozoite (for a spectrin bond length of ∼60--100 nm, the average length between the protein complexes that bind the ends of the spectrin filaments to the lipid bilayer membrane ([@bib25])).

The second, and more obvious energetic barrier requiring parasite motor force in our model is clear from the stable states depicted in [Fig. 4](#fig4){ref-type="fig"}. For intermediate adhesion strengths, energy barriers (see the [Supporting Material](#app2){ref-type="sec"}) separate the PW states internally (W~1~) and the completely invaded state from the PW states (W~2~). The energy barriers between NW and CW states decrease with increasing adhesion strength ([@bib32]) but increase with increasing line tension. Spontaneous invasion from adhesion alone could only occur with unreasonably large adhesion strengths combined with a small line and surface tensions. Therefore, it is far more likely that application of force by the merozoite itself facilitates the transitions between NW, PW, and CW states. Estimates of the required motor activity to wrap the merozoite can be derived from the force calculated for merozoite invasion without adhesion energy ([Fig. 6](#fig6){ref-type="fig"} *C*). The maximal force *F*~*z*~ (besides a very small wrapping fraction below 5%) is of the order of 20 *κ*/*a* ≈ 1 k~B~T/nm, or ∼5 pN. Typical estimates of the force related to a single, motility-dependent adhesion site for a *Plasmodium* preerythrocytic parasite on a glass substrate (though not necessarily a single motor) are ∼6.5 pN ([@bib63]). Therefore, a small number of adhesion sites in the context of an invasion event could be easily sufficient to overcome the energy barriers required for entry. *T. gondii* myosin A, considered the direct ortholog of that involved in merozoite invasion ([@bib64]), has a step size of 5.2 nm ([@bib65]). Although its stall force is not known, most myosin types generate forces in the order of 0.5 to 5 pN per motor molecule ([@bib66; @bib67]). Given that myosin A is only single headed and cannot be processive, and assuming a small duty ratio of 5% (approximately that for muscle myosin ([@bib68])), at each instant between 2 and 10 motors should be bound. Using a stochastic attachment model and assuming 5 motors are bound, invasion would require ∼5/0.05 = 100 motors (lower and upper limits being 40 to 200 motors) to perform without failure under these conditions.

As shown in [Fig. 6](#fig6){ref-type="fig"} *C*, the required force for invasion can be reduced by orders of magnitude if factors such as favorable spontaneous curvature of the erythrocyte membrane or expulsion of unstructured membrane accompany invasion. There is strong evidence for both (see above), which suggests that the energetic contribution of the motor estimated previously could be much lower. Irrespective of the alternative contributions of parasite adhesion or membrane remodeling, the need for an active directional motor force, such as that generated by the parasite actomyosin machinery, cannot be eliminated: due to energy barriers between stable membrane-wrapped states (see the [Supporting Material](#app2){ref-type="sec"}), the motor likely plays an essential role for achieving robust invasion. In this way, our modeling is consistent with experimental evidence suggesting that actomyosin motor activity is essential for merozoite invasion ([@bib16; @bib17; @bib64]). Residual invasion following complete motor inactivity in the related apicomplexan *T. gondii* might suggest alternative host-cell processes that are not possible in the erythrocyte (such as phagocytosis) or redundant invasion machinery in the parasite that is currently unaccounted for ([@bib22]). What is clear, however, is that at its most energy efficient, theoretical predictions for erythrocyte invasion envision a balance between passive host cell-dependent processes (nonetheless stimulated and controlled by the parasite) and those that are parasite-energy dependent. This rejects the perceived dogma wherein merozoite invasion is entirely parasite driven.

Conclusions: A Complete Biophysical Model for Invasion Incorporating Membrane Wrapping {#sec4}
======================================================================================

By integrating basic parasitological observations of merozoite maturation and surface protein biology with biophysical consideration of membrane wrapping, we can now propose a complete mechanistic model of invasion ([Fig. 7](#fig7){ref-type="fig"}).

At the outset, it is clear that the early stages of invasion are setup at merozoite egress from the infected erythrocyte ([@bib10; @bib53; @bib69]). Daughter merozoites are liberated into the blood stream ([Fig. 7](#fig7){ref-type="fig"} *A*) with a surface studded evenly with MSPs, which provide low-strength reversible (and nonorientated) attachment to a target erythrocyte ([@bib1]) ([Fig. 7](#fig7){ref-type="fig"} *B*). At egress, a second, variable population of adhesive proteins (which we term adhesins ([@bib8])) are released apically from secretory micronemes ([Fig. 7](#fig7){ref-type="fig"} *B*). Their diffusion through the merozoite plasma membrane sets up a transient adhesive gradient from apex to base on its surface ([Fig. 7](#fig7){ref-type="fig"} *B*). This gradient is biologically dependent on many factors, not least the timing of release ([@bib53]), and may compensate the increased bending-energy cost at the apex required for merozoite reorientation. The initial apical gradient transitions the merozoite from a reversible (MSP determined) to an irreversible (adhesin determined) attached state on the target erythrocyte surface that can be sufficient alone to reorientate the merozoite without parasite energy-dependent forces ([Fig. 7](#fig7){ref-type="fig"} *C*). Of note, mature merozoites with complete surface release of adhesins (and homogeneity through the plasma membrane at times tending toward ∼10 min, [Fig. 7](#fig7){ref-type="fig"} *B*) will be unable to reorientate by wrapping forces alone, possibly explaining their short invasion half-life ([@bib35]). Once reorientation has occurred, the merozoite typically exists in a stable, tip-wrapped/PW state with \<10% of the parasite wrapped ([Fig. 7](#fig7){ref-type="fig"} *C* and [Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, PW I).

An ∼10% PW state ([Fig. 7](#fig7){ref-type="fig"} *C*, *right panel*) is also found in our wrapping energy calculations ([Figs. 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}, PW I) and in the biological system likely coincides with (or is directly preceded by) apical release of a third population of invasion-specific adhesive proteins, which we term invasins ([@bib8]) (*green*) to distinguish them from adhesins. These are associated with either a second population of micronemes or the rhoptry organelles ([@bib8; @bib70]) ([Fig. 7](#fig7){ref-type="fig"} *D*). Some of these are secreted inside the target erythrocyte ([@bib7]), with others staying with the merozoite surface ([@bib8]). Combined, the rhoptries and the proteins released facilitate four key processes ([Fig. 7](#fig7){ref-type="fig"} *D* and [Fig. 4](#fig4){ref-type="fig"}, *arrows*): i), establishment of the merozoite-erythrocyte tight junction (*dark green*), which in our model acts as line tension (*γ*); ii), a (still to be determined) class of proteins, predicted to be secreted inside the erythrocyte, which may facilitate disruption of the underlying erythrocyte cytoskeleton (*thick to thin dashed line*) ([@bib19; @bib71]) leading to a more favorable spontaneous curvature (*c*~0~); iii), secretion of membrane from the merozoite's apical stores ([@bib7; @bib57]) lowering the tension of the erythrocyte membrane (*σ*) facilitating further wrapping ([Fig. 7](#fig7){ref-type="fig"} *E*, *right panel*, and [Fig. 4](#fig4){ref-type="fig"}, *arrow a*), which has a favorable spontaneous curvature and reduces surface tension; and iv) a final class of proteins, released onto the surface of the merozoite, which engage with the actomyosin motor inside the merozoite permitting force generation (***F***) ([@bib72]). We suggest that each of these factors helps the merozoite to overcome energy barriers associated with transitions between low and high PW states ([Fig. 4](#fig4){ref-type="fig"}, [Fig. 5](#fig5){ref-type="fig"}, and [Fig. 7](#fig7){ref-type="fig"}, *D* and *E*). Motor force allows the merozoite to then cross the remaining energy barriers and to achieve invasion up to ∼90% wrapping. At this critical juncture in invasion ([Fig. 7](#fig7){ref-type="fig"} *E*, [Fig.S3](#app2){ref-type="sec"}, and [Fig. S5](#app2){ref-type="sec"}, PW II), the merozoite will either jump to a CW/invaded state ([Fig. 7](#fig7){ref-type="fig"} *F*) or invasion will fail. In reality, these scenarios likely coexist and are continuations of the previous stages of invasion. They are also entirely reasonable given known experimental observations (e.g., ([@bib57; @bib71]), [Fig. S2](#app2){ref-type="sec"} *B*). The successfully invaded parasite now lies within a vacuole inside the target erythrocyte ([@bib14]). At this stage, the vacuole will need to be sealed and erythrocyte cytoskeleton reformed.

Two core conclusions can be drawn from this model. First, that reorientation to irreversible attachment can be simply viewed as a parasite energy-independent, shape/adhesin-dependent wrapping process. Second, that membrane wrapping during merozoite invasion combined with other biophysical considerations can account for the major energetic requirements of invasion. Successful invasion requires traversal across energy barriers (associated with the discontinuous transitions), which are likely achieved via actomyosin motor contributions. However, what is striking is that our calculations for membrane wrapping together with biological evidence suggest mechanisms that make parasite entry into the erythrocyte energetically more favorable compared to a model that is parasite motor-driven alone. Nonmotor contributions such as cytoskeletal remodeling and the line tension from the junction thus contribute to invasion energetics in ways that have perhaps not been appreciated. It is worth stressing that, irrespective of wrapping models, motor force does still appear to be a constant requirement ([@bib17; @bib64]). Our work demonstrates that even when membrane-wrapped states are stable, the essential role of the motor likely lies in overcoming energy barriers between the PW and CW states.

Clearly, it is now paramount to actually measure the forces experienced by the merozoite, and assess the contributions from membrane-wrapping and myosin motors. In addition, direct assessment of the membrane contributions from the parasite apex to the nascent vacuole ([@bib14]) and the search for factors that modulate the erythrocyte cytoskeleton either directly or indirectly to facilitate invasion ([@bib19]) also become important. This latter point is particularly worth highlighting. A parasite-induced role for the host cell is clearly documented if one looks beyond *Toxoplasma* and *Plasmodium* spp. to other apicomplexan parasites ([@bib73; @bib74; @bib75]). Could the erythrocyte be stimulated to contribute in a similar fashion to invasion? The erythrocyte membrane and cytoskeleton play a particularly active role during erythroblast enucleation, which involves extensive cytoskeletal remodeling that helps expel the nuclear compartment ([@bib76; @bib77]). Given the presence of such a machinery combined with evidence that the mature erythrocyte cytoskeleton and membrane exist in a dynamic cycling state ([@bib43; @bib78]) it is certainly conceivable that the parasite might stimulate innate active processes within the erythrocyte to further reduce the energy cost for entry.

In summary, our results point to an evolutionarily balanced consideration of merozoite invasion, strongly favoring a model by which passive processes, such as adhesion-driven wrapping, and active parasite-induced processes, such as erythrocyte cytoskeleton remodeling and membrane injection (and of course motor contribution), combine to maximize invasion efficiency. Strategies targeting either of these facets of invasion, or a combination of the two, may therefore be important as we strive for more effective antimalarial therapeutics.
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![The stages of merozoite invasion. Schematic representation depicting different wrapping phases of the merozoite from reorientation through to invasion and postinvasion (see below for definitions of wrapped states). To see this figure in color, go online.](gr1){#fig1}

![Defining an idealized archetypal merozoite. (*A*) A section through cryo-x-ray imaged free *P. falciparum* merozoites cryopreserved in a capillary. Apical secretory organelles (specifically *rhoptries*) are visible as dense spots indicated by arrows. (*B*) Isosurface rendered merozoites from (*A*). (*C*) The idealized archetypal merozoite simulated as an asymmetrical egg-shaped rigid particle. To see this figure in color, go online.](gr2){#fig2}

![Modeling adhesive interactions between the merozoite and erythrocyte. Calculated threshold adhesion strength (using Eq. 1 with bending and adhesion terms only) *w*^∗^*a*^2^/(2*κ*) for attachment of the merozoite as a function of the azimuthal angle in a polar representation of the merozoite shape: (*a*) v = 0, (*b*) 0 \> v \> *π*, and (*c*) v = *π* correspond to the flat basal end, the side, and the apex adhered to the membrane, respectively (see [Materials and Methods](#sec2){ref-type="sec"}). To see this figure in color, go online.](gr3){#fig3}

![Wrapping phase diagram for fixed line tension or membrane tension. (*A*) Wrapping states of the system of a tip-first-oriented merozoite for fixed reduced line tension $\widetilde{\gamma}$ = 0.20 and several values of effective adhesion strength and effective membrane tension: non wrapped merozoite (NW), partially wrapped merozoite with small (PW I) and high wrapping fractions (PW II), and completely wrapped/fully invaded merozoite (CW), see [Fig. 1](#fig1){ref-type="fig"}. The transition W~0~ is a continuous transition, whereas the transitions W~1~, W~2~, and E are associated with energy barriers. The transition W~1~ ends at a critical point where the difference between PW I and PW II vanishes. The terms in Eq. 2 can be rearranged, such that the spontaneous curvature *c*~0~ can be combined with the membrane tension and the adhesion strength to an effective membrane tension, ${\widetilde{\sigma}}_{\mathit{eff}} = \widetilde{\sigma} + {\widetilde{c}}_{0}^{2}/\left( aH_{0} \right)^{2}$, and an effective adhesion strength, ${\widetilde{w}}_{eff} = \widetilde{w} + {\widetilde{c}}_{0}$, respectively. The critical point is indicated by a black point (•). (*B*) Wrapping states of the system of a tip-first-oriented merozoite for vanishing effective membrane tension, ${\widetilde{\sigma}}_{\mathit{eff}} = 0$, and several values of effective adhesion strength and line tension. The notation is analogous to *A*. Both phase diagrams with additional wrapping spinodals that indicate the values of the adhesion strength beyond which the energy barrier vanishes and spontaneous wrapping occurs, are shown in [Fig. S3](#app2){ref-type="sec"}. However, the energy barriers may also be crossed by other mechanisms: arrow ***a*** indicates the effect of unstructured membrane secreted by the merozoite ([Fig. S2](#app2){ref-type="sec"}*B*), arrow ***b*** shows the effect of favorable spontaneous curvature, arrow ***c*** the effect of increased adhesion strength, and arrow ***d*** the effect of increased line tension. To see this figure in color, go online.](gr4){#fig4}

![Merozoite surface coverage for different adhesion strengths. Merozoite surface coverage for different adhesion strengths and reduced line tension $\widetilde{\gamma}$ = 0.20. *W*~1~, *W*~2~, and *E*, are the phase boundaries and lines demarking equal energy of free and CW states, see [Fig. 4](#fig4){ref-type="fig"}*A*. The critical point is indicated by a black point (•). The wrapping fractions where the system jumps between discontinuous transitions are indicated using the dotted or the solid lines, corresponding states are connected by tie-lines. $W_{1}^{a}$ and $W_{2}^{a}$ indicate lower, whereas $W_{1}^{b}$ and $W_{2}^{b}$ higher wrapped fractions of the merozoite surface area for the W~1~ and W~2~ transitions, the two phase regions in the phase diagram indicated by the black tie-lines are unstable and correspond to the energy barriers. To see this figure in color, go online.](gr5){#fig5}

![The contribution of motor driving forces in merozoite invasion. (*A*) The current model for the topology of the parasite actomyosin motor and its linkage with the red blood cell surface through secreted invasins. (*B*) Actomyosin force supports merozoite invasion. *f*~*T*~ is the force acting tangentially along the membrane-cortex surface as it wraps along the particle, whereas the *f*~*z*~ is the component of this tangential force along the *z* axis whose role is to inject the particle into the membrane while the component *f*~*r*~ is balanced by an equal magnitude force acting along the other side of the membrane. (*C*) Estimate for the motor-driven forces required to push a nonadhesive merozoite into the erythrocyte membrane to achieve complete invasion. *F*~*Z*~ = 2*πrf*~*z*~, is the estimate for the total invasive force acting along the symmetry axis required to inject the merozoite as a function of the fraction of the merozoite surface covered by erythrocyte membrane; *r* is the radius of the rim where the merozoite detaches from the membrane. To see this figure in color, go online.](gr6){#fig6}

![Schematic for biophysical interactions between the *Plasmodium* merozoite and the human erythrocyte. A complete biophysical model for merozoite invasion of the erythrocyte from release (*A* and *B*), to attachment and reorientation facilitating a stable, tip-wrapped state (*C*), to PW states (*D* and *E*), and full invasion/CW states (*F*). See main text for details. To see this figure in color, go online.](gr7){#fig7}
